NACA airfoils are mostly used currently in turbine blades mainly in the aviation
INTRODCTION
With the increasing demand for energy, renewable energy has become a hot research topic. In terms of marine energy, the tidal current energy can be predicted more easily than the wave energy, and has a good stability and strong regularity (Fraenkel, 2006) . The horizontal axis tidal current turbine is a common device used for extracting the tidal current energy, which can transform the tidal current energy into the mechanical energy of the impeller, then generating electricity through the generating device of the turbine. Due to the good water adaptability, the horizontal axis tidal current energy generating device is widely used (Chunfu, 2012) . The electric generating device has a simple structure, and its working principle is similar to the generator of the horizontal axis wind turbine (Whelan and Stallard, 2006) . However, the horizontal axis water turbine appeared later, and there is no design method that would be com-pletely suitable for the design of the tidal current turbine blade. Due to the similar form and work principle, mostly the design method of horizontal axis water turbine is the same as that of the wind turbine (Batten et al., 2006) . Currently, many scholars at home and abroad have done a lot of research on the turbine to improve its energy effi ciency and hydrodynamic performance. On the other hand, the bionic blade has become a research hotspot in recent years. The Japan Prefectural University carried out a detailed study on the horsefl y wings and designed the wing model by reverse engineering technology and manufactured a microbionic generator (Sudo et al., 2008) . Five kinds of models having the same airfoil area and span-chord ratio are compared by installing on the same body of the experimental device in the NASA research center of the United States, showing that the bionic shark airfoil has a good aerodynamic performance (Yifan 2007; Fish et al., 2008) . Similarly, the cooperating swing of fi sh fi n plays a crucial role in the excellent hydrodynamic performance. Therefore, bionic fi sh underwater propeller attracts the interest of researchers and has been successfully applied in the fi eld, which brought new inspiration for designing bionic blade of the horizontal axis tidal current turbine (Wang, 1980) . On the basis of studying conventional blades, our research team also has done some relative research and exploration of bionic blades. The hydrodynamic performance of a bionic blade is analyzed by Gao (2013) by applying the computational fl uid dynamics (CFD) and mesh division software. The power coeffi cient and fl ow characteristics of the bionic blade are studied, and the shark fi n blade having a high power coeffi cient is verifi ed by combining with the model experiment. The hydrodynamic performance of the bionic airfoil, combination of the airfoil with a conventional airfoil blade are compared and it was concluded that the hydrodynamic performance of the bionic airfoil blade is best verifi ed through the model experiment (Zhen, 2014) . Moreover, the relationship between the power coeffi cient and pitch angle is also obtained. In this paper, the design method of a composite airfoil blade is studied based on the blade element momentum theory, the vortex theory, and the Wilson theory, and compared with that of our team's research.
SELECTION AND SETTING OF THE WORKING CONDITION PARAMETERS OF THE BLADE
According to the actual situation of QingDao offshore, the current velocity is relatively smaller and the fl uctuation is larger (Wang et al., 2011) , so a rated fl ow velocity of 0.8 m/s is selected. There is a certain relationship between the quantity of blades and the energy effi ciency of the turbine. The effi ciency of the blade is improved, while the quantity of blades increases, but the manufacturing cost becomes larger. Hence, the effi ciency of the turbine and the cost can be ensured by the suitable quantity of blades (Burton et al., 2011) . In this paper, the quantity of blades is 3 (i.e., B = 3) as required. According to different blade tip speed ratios, the maximum tip speed ratio is 4 when the quantity of blades is 3, that is, λ 0 = 4. By the calculation formula for the tip speed ratio, n = 101.9 rpm when λ 0 = 4. In order to facilitate calculation, the impeller speed in this paper is set to be 100 rpm in the range of the error allowed. According to the distribution law of the energy coeffi cient of the wind turbine and the effi ciency of the experimental device, the energy coeffi cient C P = 0.3 is selected, which is in accord with the general design experience. According to the design theory of the blade, manufacturing technology, laboratory conditions, and design experience, the rated power of the water turbine P = 20 W is selected. According to the calculation of power,
in which P = 20 W, C P = 0.3, ρ = 1000 kg/m 3 , V rated = 0.8 m/s, and D = 0.58 m, can be obtained. In the range of the error allowed, the impeller diameter D = 0.6 m is selected.
DESIGN OF COMPOSITE AIRFOIL
According to the earlier research results (Zhen, 2014) of our team, the hydrodynamic performance of the shark caudal fi n with spanwise 37.5% airfoil is better than the conventional NACA airfoils, as shown in Fig. 1 . It is shown that the blade element at different position has different function. Thicker airfoils should be selected at the blade root part, in order to meet the greater stress; the blade middle part is the key of the water turbine extracting energy, for which the larger lift drag ratio airfoils should be selected; in order to reduce the loss of the tip, thin airfoils should be selected at the blade tip (Zhang et al., 2008) . On this basis, a new composite airfoil is designed by combining a bionic shark fi n airfoil and NACA airofoils in this paper, and then the blade with a better hydrodynamic performance was designed. According to the design theory, the blade is composed of numerous blade elements along its length, and the chief airfoils are selected as the main characteristics of the blade when the blade model is designed in order to simplify the process of blade designing. Therefore, according to the blade length 220 mm, 12 airfoils are selected, shown in Fig. 2 . Blade root 1, 2, 3, 4 airfoils are the fi rst group selected with thicker airfoils; middle 5, 6, 7, 8 airfoils are the second group selected with larger lift coeffi cient airfoils; near the blade tip 9, 10, 11, 12 airfoils are the third group selected with composite airfoils. In order to smooth the blade in the spanwise direction, the relative thickness of airfoils should be decreased from the blade root to the blade tip.
The fi rst-group airfoils are near the root of the blade; the arm of the force on the impeller center is small, the contribution to the output torque of a water turbine is little, and the impact on the hydrodynamic performance is less. Therefore, processing convenience and strength are mainly considered when the blade is designed, and a relatively larger thickness airfoils of NACA series can be selected directly. The relative large thickness airfoils, lift drag ratio, and the torque coeffi cient are shown in Fig. 3 . In Fig. 3 , the lift drag ratio of the NACA63-018 airfoil is smaller than that of other airfoils in the range of the angle of attack 0-10 o , but its torque coeffi cient is larger and can withstand a greater torque. Similarly, the lift drag ratio of NACA0016 is close to that of the NACA23016 airfoil, and the torque coeffi cient is slightly larger. Therefore, the NACA63-018 airfoil is selected in numbers 1 and 2; the NACA0016 airfoil is selected in numbers 3 and 4. The second-group airfoils are located in the middle position of the blade, and the capacitation effi ciency is determined by its hydrodynamic performance in a large extent, hence the large lift drag ratio airfoils are needed in this position. The spanwise 37.5% airfoil (Zhen, 2014 ) of shark's caudal fi n with a relative thickness of 13.35% and with a large lift drag ratio has the best hydrodynamic performance in our research. Comparing with the fi rst-group airfoils, the relative thickness has a slowly decreasing trend.
A third-group airfoils are near the blade tip. It is necessary to reduce the blade tip loss and ensure the large lift drag ratio in this position. In order to make a full use of the advantages of the bionic airfoil and the NACA airfoils, the lower edge of the shark's caudal fi n airfoil and the upper edge of the NACA airfoils are combined, because the lower edge of the shark's caudal fi n airfoil is shaped with a greater camber, and as the camber increases, the lift coeffi cient of the airfoil correspondingly increases (Xuetao, 2012) . To illustrate the function of the upper and lower edges in capacitation of blade airfoil, the bionic blade of shark fi n spanwise 37.5% airfoil and the blade of the NACA63-215 airfoil are compared in the same fl ow fi eld characteristic analysis, and the NACA63-215 airfoil.
Comparison of Velocity Field
The velocity fi eld means the adhesion of velocity distribution of the fl ow at the blade surface; the g reater the adhesion velocity, the less the energy loss and the higher the effi ciency. In the fl uid analysis software, actually the computational domain includes two parts: the rotating domain of the hydroturbine and the fl uid domain, respectively. The radius of the rotating domain is 320 mm and the length is 150 mm. The radius of the fl uid domain of water is 1500 mm and the length is 4800 mm. In addition, the distance of the two domains is 1800 mm, as shown in Fig. 4 .
The change of the color represents the size of the speed, as shown in Fig. 5 . It is shown in Fig. 5 that the adhesion velocity distribution and changing regulation in the two blade surfaces are basically same. The fl ow velocity of the upper surface of NACA63-215 airfoil blade is slightly higher than of the bionic blade airfoil. This is because the curvature radius of the upper edge (the curve transits smoothly from the middle part to the trailing edge) is larger, which reduces the resistance of the blade cutting water, thereby reducing the energy losses, and makes the tip fl ow velocity larger than that of the bionic blade. Therefore, the upper edge of the NACA63-215 airfoil is favorable for decreasing the tip loss compared to that of the bionic airfoil. 
Comparison of Pressure Field
The pressure fi eld means the pressure distribution of the blade surface; the higher the pressure difference of the upper and lower surfaces of the blade, the less is the energy loss, that is, the higher the effi ciency. In the fl uid analysis software, the change of the color represents the size of the pressure, as shown in Fig. 6 .
It is shown in Fig. 6 that the pressure of the upper surface of the NACA63-215 airfoil is slightly larger than that of the bionic blade, and the blade tip is more obvious. According to the hydrodynamics, the greater the adhesion fl ow velocity, the greater the blade surface pressure. This is consistent with the conclusion of the higher adhesion fl ow speed near the NACA63-215 airfoil blade tip in Fig. 5 . Therefore, in this paper, the airfoil combined with the lower edge of bionic airfoil having a higher lift coeffi cient and the upper edge of the NACA63-215 airfoil, which can reduce the blade tip loss, is selected. Similarly, the edge of the NACA2415, NACA0018, and NACA63018 airfoils and the lower edge of the bionic airfoil can be combined, which makes comparison of the fi eld characteristic unnecessary. Thus, the airfoil combined with the lower edge of the shark's caudal fi n spanwise 37.5% airfoil and the upper edge of the NACA airfoils is selected in the third group. Combined airfoils are shown in Fig. 7 . The lift drag ratio and torque coeffi cient of each combined and bionic airfoil are shown in Fig. 8 .
Among the TF375 -the spanwise 37.5% airfoil of the shark caudal fi n TF375-2415 -the combined airfoil of the lower edge of the shark's caudal fi n spanwise 37.5% airfoil and the upper edge of the NACA 2415 airfoil; TF375-0018, TF375-63-018, TF375-63-215 are similar.
It is shown in Fig. 8 that this four combined airfoils are composed of the lower edge of shark caudal fi n airfoil and the upper edge of NACA airfoils. The spanwise 75% location of blade is the main position of extracting energy (Chunfu, 2012) . The lift to drag ratio of the TF375-2415 and TF375-0018 composite airfoils are larger than of TF375, and they are used at the spanwise 75% position, in order to improve the capacitation effi ciency of the blade. In addition, the relative thickness of airfoils is 12.83% and 12.66%, respectively, gradually decreasing to the second group. The lift to drag ratio of the TF375-63-018 and TF375-63-215 composite airfoils are smaller than of TF375, but the relative thickness is 12.45% and 11.93%, respectively, which is suitable for the blade tip position to reduce the tip loss. In conclusion, 7 kinds of airfoils designed in this paper are shown in Table 1 
PARAMETER OPTIMIZATION AND COORDINATE TRANSFORMATION OF BLADE ELEMENT

Parameter Optimization of Blade Element
The blade is composed of a number of blade elements, the hydrodynamic performance of which affects the level of the effi ciency of the blade directly. Therefore, it is necessary to optimize the blade element, in order to get the best hydrodynamic performance.
Establishment of the Optimization Model
The optimization process is based on the Wilson theory, and the optimization model is established by using the optimization toolbox and taking the energy coeffi cient C P as the goal in order to obtain the best energy of a water turbine. The model building process is shown as follows.
FIG. 8: Comparison of combined airfoil and bionic airfoil
Selection of Optimization Toolbox
There are some functions in the mathematical software optimization tools, which are used to calculate the crest value of the general nonlinear functions. In this paper, the objective function is the nonlinear expression of the energy coeffi cient C P , and the selected optimization function is [x, fval]=fmincon.
Determination of Objective Function
Put the scale factor As the optimization toolbox [x, fval] = fmincon function can only calculate the minimum value, in order to ensure that the energy coeffi cient C P is the maximum, -μ P dC d can only be minimized.
Therefore, the objective function is ( )
in which F is the tip loss.
Selection of Constraint Equation
Constraint equations are selected as follows:
according to the Wilson theory 
2 sin
in which B is the quantity of blades, R is the rotation radius of the blade, and Ф is the incoming fl ow angle of the blade element. The energy equation considering the tip loss is ( ) ( )
( )
in which α is the axial factor and b is the circumferential factor.
Chosen Solving Equation
The unknown number contained in the objective function and constraint equations can be obtained by the fmincon function. Putting the unknown number into the solving function can calculate the chord length and twist angle of each blade element:
in which c is the chord length of blade element, C L is the lift coeffi cient, and β is the pitch angle.
Process of Parameter Optimization
According to the existing objective function, constraint equations and solving equations, the optimization process is as follows:
1) According to the design requirement, the wheel diameter is designed to be 0.08 m, and the blade is divided into the k-1 equal portions, and at the same time, k blade elements are obtained; 2) Studying each blade element separately, assuming that the radius of the ith blade element is r and then programing according to the formula of optimization function; 3) Write the m fi les of the objective function, constraint equations and solving equations; 4) Calculate the parameters a, b, and F by the main program calling [x, fval] = fmincon optimization toolbox; 5) Save parameters.
Transformation of Airfoil Coordinate
Acquisition of Original Coordinate
The original coordinate of each airfoil can be output and saved as a txt format fi le by using the airfoil software. The leading edge points of airfoils are always the origin of coordinates in the software; the chord length is 100 mm; the torsional angle is 0 o . If we want to apply the airfoils in the blade molding software, the two-dimensional coordinate data of blade element must be transformed into the three-dimensional coordinate data. This transformation can be achieved by using the basic principle of coordinate transformation (Chen and Yang, 2005) .
Theory of Coordinate Transformation
The essence of the graph transformation is to transform the coordinate of the discrete points of the graph, and the original coordinate is defi ned as [X 0 Y 0 Z 0 1] by the method of the homogeneous coordinate transformation. The transformed coordinates are defi ned as
in which T is the 4 × 4 coordinate transformation matrix:
in which the upper left corner of the transformation matrix represents the proportion and symmetry transformations of the three-dimensional graphic; the upper right corner is the perspective transformation; the lower left corner is the translational transformation; the lower right corner is the full scale transformation.
Coordinate Transformation
In spatial coordinates, the position of the transformed airfoil coordinates is defi ned as: 1) it is located in the coordinate plane XOY; 2) the origin is the aerodynamic center of airfoils and the chord length is of actual size; 3) airfoil rotates according to the twist angle; 4) the blade root to tip is the positive Z axis direction; 5) the origin coordinate is (x, y, z, 1), and the transformed coordinate is (x 1 , y 1 , z 1 , 1). Therefore, to achieve the above transformation, the translational transformation, scaling transformation, ro-tational transformation, and the offset transformation along the Z axis direction need to be carried out respectively, and the four kinds of transformation matrices are defi ned for T 1 , T 2 , T 3 , and T 4 . Then, the consequences are shown as follows: 
Rotational transformation matrix T 3 : 
Therefore, the coordinate transformation matrix is 
Partial original transformation and transformed coordinates are shown in Table 2 .
NUMERICAL SIMULATION OF HYDRODYNAMIC PERFORMANCE OF WATER TURBINE
Establishment of the Turbine Model
The transformed airfoil coordinates are imported into the 3D modeling software to obtain the position of the airfoil in the three-dimensional space, as shown in Fig. 9 . Then, the 12 airfois will be generated into the blade by some command such as setting out, shown in Fig. 10 . The wheel hub is designed by the 3D software, and the hub and blade are assembled to get the model of the impeller of the turbine, in order to carry on the next simulation. The model is shown in Fig. 11 .
Numerical Simulation of Hydrodynamic Performance
Introduction of the CFD Method
The analysis process of CFD (Computational Fluid Dynamics) generally includes three parts: preprocessing, solving and calculation, and postprocessing (Sui, 2009) , as shown in Fig. 12 .
In this paper, the physical model of the turbine is divided into grids; the real turbine is located in the large fl ow fi eld; the fl ow fi eld boundary has less effects on the turbine. According to the requirements of the fl ow fi eld and the experimental conditions, it is necessary to consider the set of calculation domain of turbine. In the fl uid analysis software, the related various parameters, such as the inlet fl ow fi eld condition and so on, will be installed in advance, in order to make the parameters and the chosen turbulence model adapted to the physical model, and then solve and calculate the divided grid model for fl uid analysis.
Numerical Simulation of Variable Pitch Water Turbine
According to the numerical simulation method and the actual characteristics of the offshore currents in QingDao, China, it is determined that the simulation should be carried out at the rated fl ow velocity 0.8 m/s and rotating velocity 100 rpm. During the process, it is necessary to change the pitch angle of the turbine blade and observe the changes of torsional moment of blade, in order to obtain the optimal pitch angle. The torque can be output by the postprocessing tool after the grid division, solving and calculation, as shown in Table 3 .
From Fig. 3 , the corresponding curve of the torque coeffi cient can be obtained. Comparing the curve with the existing conventional blades and bionic blades, the relationship can be found as shown in Fig. 13 . It is shown in Fig. 13 that the torque coeffi cient maximum 0.543 is obtained when the pitch angle is 60 o in the ideal condition rotating velocity 100 rpm and rated fl ow velocity 0.8 m/s, that is, in this time the capacitation of turbine is the maximum. According to the paper (Zhen, 2014) , the torque coeffi cient maximum 0.365 of the bionic shark fi n airfoil blade is obtained when the pitch angle is 70 o , and torque coeffi cient maximum 0.364 of the combined airfoil blade is obtained when the pitch angle is 60 o . According to the paper of Sheng (2014) , the torque coeffi cient maximum 0.53 of the conventional NACA63-8xx airfoils blade is obtained when the pitch angle is 5 o . According to Stringer et al. (2015) , the torque coeffi cient maximum 0.36 of NACA0018 airfoil blade is obtained. It can be seen that the blade with a composite airfoil proposed in this paper has a higher energy effi ciency.
CO NCLUSIONS
A new blade design method, combining the upper edge of shark caudal fi n airfoil and the lower edge of the NACA airfoils, is applied in this paper. The maximum torque value is 46.83 in the pitch angle of 60 o by the numerical simulation, which is higher than the blade designed by our team, and the capacitation effi ciency is better. Its analysis shows that: 1) NACA airfoils are mainly used in the aviation fi eld, which have a good aerodynamic performance. More than four bits of the NACA airfoils have a higher lift coeffi cient; 2) a shark caudal fi n airfoil mainly uses its caudal fi n propulsion performance, and has a good hydrodynamic performance. Therefore, the combination of the NACA airfoils and shark caudal fi n airfoil is more conducive to the use of their respective advantages to improve the hydrodynamic performance of the water turbine.
A new airfoil design method of horizontal axis tidal current turbine is proposed in this paper, which is more suitable for the characteristics of horizontal axis tidal current turbine, and it can provide a new method for the design of horizontal axis turbine blade. In conclusion, the new method has a certain engineering practical signifi cance.
